In this study, a three-degree-of-freedom hydraulic system device configured as a masterand-slave manipulator system is considered. A methodology to estimate reaction force in aforementioned system is proposed without utilizing any force sensor/signal. A terminal sliding control with a sliding perturbation observer (TSMCSPO) is designed for coupled master-slave system. The fundamental benefit of the proposed scheme is that the sliding perturbation observer estimates the reaction force related to the end effector and second link without utilizing a force sensor. Robust and accurate position tracking is achieved with terminal sliding-mode control in addition to control of the slave manipulator. The position and force tracking for master-slave is estimated based upon bilateral control strategy. The difference in the reaction and operating force is included in the impedance model. The impedance model is implemented in the master device to provide the operator with a sense of the reaction force when it connects with the environment. The experimental results confirm the robust position and force tracking of the slave manipulator.
I. INTRODUCTION
Increasing energy demands have burdened society with the search for additional energy sources. Among those sources, nuclear power plants (NPPs) have preferable positions. There are almost 500 NPP worldwide, most of which are in European countries. The design of nuclear power plant limits its lifespan to approximately 40-65 years. The dismantling of NPPs at end of life is an important issue. Past statistics show that approximately 160 NPPs have become non-operational in 19 different countries [1] . The cost to dismantle an NPP is expected to rise to approximately one trillion US dollars by 2050. This estimate is based upon statistical analysis by the International Atomic Energy Agency [2] . There are many steps for the process of dismantling (e.g., structure dismantling, storage of waste products, and transportation and disposal of radioactive material). Previous research shows that The associate editor coordinating the review of this manuscript and approving it for publication was Jianyong Yao . multitudinous dismantling of facilities based upon robotic system has been effective. The remote equipment was first successfully implemented to dismantle an NPP in Japan. This study is necessary to advance this technology and achieve efficient performance in the dismantling process.
The available equipment for movement with efficient tools/control could be utilized for better results. The design must focus on two important factors: the first one is an efficient manual operation and second is to provide an actual feedback from remote site to operator. There are several other factors that need to be addressed while designing a two-stage remote system. These factors include end tool design and setup, workspace clearance, the environmental conditions of the area, and expertise in material handling process. In some of simple tasks manual available tools could be modified. An example to it is modification of grip to grasp a particular object by applying alignment and piping method and utilizing self-standing bails. The workspace of operation must be known to operator for good and effective results. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ Some of researchers have proposed the use of bilateral control system for such activities. In a study, Chan et al. [3] proposed an extended active observer (EAOB) to estimate the force of a robotic manipulator. Their designed observer successfully rejects the measurement uncertainties errors. The two-degree-of-freedom (2-DOF) robotic manipulator was used to validate their proposed technique. In their subsequent work, Chan et al. [4] proposed an improved form of EAOB for an n-DOF robotic manipulator. Their proposed observer used extra system states to correctly estimate the force and disturbance of the system in the presence of internal and external perturbation. Stability analysis was carried out to validate the stability of the system. Farooq et al. [5] suggested a strategy of bilateral control for nonlinear teleoperated system application. They implemented Takagi-Sugeno (TS) fuzzy model approximation for their proposed design.
Deng et al. [6] presented a robust delay-compensation feedback controller following a backstepping design approach. This is based on the finite integral of the past control values and a linear-type extended state observer to estimate both the unmeasurable states and additive disturbances of a class of input-delayed MIMO nonlinear systems with additive bounded disturbances. Yao and Deng [7] suggested an active disturbance-rejection adaptive controller for tracking control of a class of uncertain nonlinear systems that considered both parametric uncertainties and uncertain nonlinearities. This is done by effectively integrating adaptive control with an extended state observer via backstepping approach. Parametric uncertainties are handled by the synthesized adaptive law, and the remaining uncertainties are estimated by the extended state observer and then compensated in a feedforward way. The proposed control strategy was applied to a motor-driven robot manipulator. Kallu et al. [8] applied a sliding model control with sliding perturbation observer (SMCSPO) to measure the reaction force of the robotic manipulator. They did not use any force/torque sensors in their research work. In another study, the authors used an SMCSPO method to estimate the reaction force of a hydraulic manipulator. SMCSPO is a highly accurate control scheme for estimating the state and perturbation in the control of surgical robot area and hydraulic robot manipulators [9] - [14] . The purpose of this estimation is to reduce the chattering from the system output by perturbation compensation. Kang et al. [15] presented a bilateral control method of a 6-DOF surgical instrument to feel the reaction force. A bilateral tele-operative task for an under-actuated mechanical system was presented by Peñaloza-Mejía et al. [16] . Later, a couple of dis-continuous casual controllers were proposed to attain bilateral synchronization between force and position separately.
Amini et al. [17] suggested a bilateral tele-operation system for force estimation using sliding-mode-based controller. Rahmani and Rahman [18] presented a combination of new fractional sliding-mode controller (NFSMC) and fractional PID controller (FPID). The new controller includes the advantages of FPID (high position tracking) and NFSMC (robustness).
Tuan Vo and Kang [19] presented a variant of slidingmode control (SMC) for robotic manipulators known as terminal SMC (TSMC). To avoid the singularity issue found in ordinary TSMC, a non-singular sliding variable was adopted. Xia et al. [20] suggested a controlling mechanism that has the advantages of the modified TSMC and the double powerreaching law. Their proposed strategy is used to improve the robustness via more precise following, reduction of the chattering phenomenon, and faster and more effective disturbance rejection. Yu et al. [21] proposed another variant of TSMC for robotic manipulators; the robust continuous controller structure was established using the Lyapunov stability theory.
Doan et al. [22] presented another variant of TSMC, known as synchronization full-order TSMC (S-FOTSMC), their proposed controllers have a robust convergence time and less synchronization error in the presence of uncertainties for the 3-DOF planar robot. The surface of S-FOTSMC was designed using the state-space equation of cross-coupling errors, and the chattering phenomena were reduced using the integral term. Cao et al. [23] proposed a hybrid strategy for trajectory tracking and state estimation. They implemented neural networks and TSMC for system dynamics estimation and to track the position/velocity of the system, respectively. Simulation analysis was performed to validate the proposed methodology. Similarly, another variant of TSMC was used for trajectory tracking of a 3-DOF hydraulic manipulator in [24] .
The dismantling of NPPs is an indispensable concern because the worker has very restricted access in the radiative and heavyweight machinery zone. Therefore, to overcome this problem, the master-slave configuration robotic manipulator has gained significant attention for dismantling NPPs. It also requires a hydraulic system with force feedback for the detachment and handling of heavyweight machinery. In previous studies, many researchers measured the external force via any physical sensor. In NPPs, the force sensors break down due to the high temperature and intense radiative environment, which increases the operating cost of the NPP.
Based upon previous findings, we utilized the terminal sliding-mode control with sliding perturbation observer (TSMCSPO). The planned scheme efficiently tracks the position and estimate reaction-forces of master-slave devices in addition to bilateral control of 3-DOF master/slave manipulator based upon a hydraulic manipulator. The reaction force of slave robot is estimated by implementing a sliding perturbation observer (SPO), and no sensor is used. An accurate and efficient position and force tracking is achieved through proposed bilateral control law. The difference in the reaction force of slave system and applied force for master system is considered in the impedance model while the bilateral control law is developed. It is worth mentioning here that the reaction force is the actual effect of the slave manipulator in remote environments, whereas the applied force of the master system is the force generated by the operator for smooth operation. The results effectively summarize the trajectory tracking of position and force with high accuracy.
The remainder of the manuscript is organized as follows. In Section 2, the mechanical design of masterslave system is defined. The theory of TSMCSPO and algorithm to estimate reaction force is introduced in Section 3, and Section 4 describes the bilateral-control approach. Section 5 summarizes the experimental setup, the results are shown in Section 6 and concluding observations are presented in Section 7.
II. STRUCTURE AND DYNAMICS OF HYDRAULIC MANIPULATOR
In the past few decades, the hydraulic manipulator has been widely used in handling and in the machine tool industry. Some of the implementation contains hazardous material handling, mobile equipment, heavy steel industry, mining process, and oil and gas exploration. A servo-system could be considered to estimate different factors, such as acceleration, force, temperature profile, and voltage/current. The hydraulic actuators have numerous valuable features, like limited stroke, robust response, and broad range, as well as less wear and tear, zero backlash, and accurate control. The hydraulic system used to dismantle NPPs includes an AC servo-motor and two hydraulic cylinders. The dismantling process requires higher force to produce vertical moment than is required for horizontal moment. A generic structure of a 3-DOF hydraulic manipulator utilized to dismantle an NPP is shown in Figure 1 , with the schematic shown in Figure 2 .
A manipulator's dynamics represent the relation between applied forces, their generated torques, and the resulting motion. A generic equation representing robot dynamics in free space is given below.
where θ, A (θ), B θ,θ , g (θ), and T are the joint angles, inertia matrix, centrifugal torque, joint-space gravity task, and vector representing joint torques, respectively. Each link of the hydraulic-servo-system can be expressed mathematically [25] .
In the above equations, J s1 , J s2 , J s3 , D s1 , D s2 , and D s3 are the inertia and damping of the base, second link, and end effector, respectively; is the uncertainty parameter; the viscosity of each cylinder is expressed by β 1 and β 2 ; M s1 , M s2 , and M s3 represent the masses of the base, second link, and end effector, respectively; L 1 and L 3 represent the lengths of the base and end effector, respectively; L 2 represents the length from the center of mass (COM) of the second link to the joint; represent the lengths of the base and end effector; τ e1 , τ e2 , and τ e3 ; λ represent the dynamical effect of the base;θ 1 anḋ x represent the viscosity friction of cylinder 1 and cylinder 2, respectively; and T 1 , T 2 , and T 3 are the joint torque of the base, second link, and end effector.
III. TERMINAL SLIDING-MODE CONTROL WITH SLIDING PERTURBATION OBSERVER (TSMCSPO) A. TERMINAL SLIDING-MODE CONTROL (TSMC
The TSMCSPO is a novel combination of the TSMC and SPO. This scheme inherits the advantageous feature of global finite-time stability. The standard Lyapunov stability theory summarizes the robustness of such control algorithms with additional features of tracking accuracy [21] .
where sign e j is the standard sign function with e j representing the position-tracking error, β j is a positive number, r is restricted between 0 and 1, and e j = x 1j − x 1dj . A sufficient condition that guarantee existence of TSM is
which ensures |s(T r )|−|s (0)| > −ηT r . T r is the reaching time that satisfies T r = |s(0)| η . Let us define sliding dynamics as follows:ṡ
where η 1j and η 2j are positive numbers and η 1j > ψ j . The system control for the device is defined as
Han and Lee [26] pointed out that as the control reaches to sliding surface s j = 0, the defined control input of Eq. (8) becomes non-singular. However, in case of s j = 0, witḣ e j = 0 and e = 0, a singular function occurs. The singular function occurrence could be avoided if
The asymptotic stability of TSMCSPO was verified in [27] .
B. SLIDING PERTURBATION OBSERVER (SPO)
Elmali and Olgac [28] provided a brief overview of the perturbation and system dynamics. A mathematical representation of nth degree of freedom manipulator with end-order dynamics is as follows:
where x [X 1 . . . X n ] T represents a state vector and each X j [x j ,ẋ j ] T for j = 1, 2, 3, . . ., n; the nonlinear driving forces and corresponding uncertainties are labelled as f j (x) and f j (x), respectively; similarly, the control matrices and corresponding uncertainties are represented as b ji and b ji , respectively; and u j and d j represent the control input and external disturbance, respectively. The values of f j and b ji are determined through the system-identification process. The combined effect of the uncertainties and external disturbance is represented as the following perturbation:
The target is to determine state vector x in relation with desired state-vector x d [X 1d . . . X nd ] T in presence of perturbation. The upper bound of the perturbation is assumed as
where F j > f j , ji > b ji and D j > d j are the upper bounds for uncertainties. The state-space representation of a 1-DOF 2nd-order system iṡ
where ψ j (x, t) represents the perturbation. The estimated state variables are expressed mathematically aṡ
Similarly, the estimated perturbation is represented bŷ ψ j (x, t), which could be determined by defining a new control variable to decouple the control input as
where α 3 > 0,ū is new control variable. Thus, the control input could be mathematically expressed as
. Finally, the state dynamics corresponding to transformation defined in Eq. (17) areẍ
Moura et al. [29] derived the SPO mathematical equations aṡ
sat
where sat(x 1j ) is defined to provide anti-chatter features, as described in Slotine and Sastry [30] , and ε 0j represents the boundary layer of the TSMC controller. k 1j and k 2j are positive numbers andx =x − x represents the estimation error of the measurable state. Finally, the error dynamics of SPO becomeẋ
Thex 2j dynamics, as a result of SPO, becomė
The frequency-domain interaction between˜ j and j is expressed mathematically as
The function defined in Eq. (27) is simply a high-pass filter that represents the relation between the actual and error perturbation. This equation shows that the estimation of perturbation shall be accurate when the perturbation lies within the low-frequency range.
C. TERMINAL SLIDING-MODE CONTROL WITH SLIDING PERTURBATION OBSERVER (TSMCSPO TSMCSPO [27] is the fusion of TSMC (controller) and SPO (observer). TSMC is used to decrease the mismatcĥ e j between desired trajectories with estimation value. The dynamics ofŝ j are defined aŝ
whereê j =x 1j − x 1dj is the estimated position tracking error.
The appropriate existence condition of TSMCSPO can be ensured when we designṡ j as follows:
where the anticipated boundary of perturbation is represented by j , η 3j > 0; and R max j is mathematically represented as
The control inputū j for corresponding TSMCSPO is, ifx 2j − k 1j ε 0j x 1j −ẋ 1dj = 0,ê = 0,
Ifx 2j − k 1j ε 0j x 1j −ẋ 1dj = 0,
Thus, the s j -dynamics encircled by boundary ŝ j ≤ ε 0j arė
It is worth noting that estimation error in state and perturbation can cause change in driving terms of s j -dynamics.
D. DESIGN PROCEDURE OF TSMCSPO
The mathematical design detail is presented in this section.
In the case where ŝ j ≤ ε 0j , the dynamical representation become 
To determine the eigenvalue of matrix A, let us define det |λI − A| = 0, where I is the identity matrix of the same order as A and λ represents eigenvalues. The characteristic equation for A in Eq. (35) is
Because A is a 4 × 4 matrix, let us suppose its characteristic equation as p (λ d ) = (λ + λ d ) 4 , where λ d represents the desired eigenvalues. This polynomial yields the following solution set:
The corresponding transfer function could be represented as
IV. BILATERAL CONTROL BETWEEN MASTER AND SLAVE FOR 3-DOF HYDRAULIC SERVO SYSTEM A. BILATERAL CONTROL
Bilateral control is planned such that the slave manipulator tracks the command of the master manipulator, and the operator (human) can feel the reaction force when the slave manipulator touches the environment. The dynamic equations of master and slave are defined as where J and u signify the inertia and control input and the subscripts m and s denote the master and slave systems, respectively. The action and reaction force observed in the master-slave manipulator are symbolized as τ h and τ e . Figure 3 shows the bilateral control structure. The operator at the master manipulator controls the movement followed by slave manipulator. The TSMC describes the reason behind movement of slave device. When the slave manipulator follows the command of the master manipulator, the impedance controller takes the charge to determine the reaction force consequently. If the connection between the slave manipulator and environment is too weak, the operator (human) does not feel any reaction force.
B. MASTER CONTROLLER
The master manipulator is designed such that operator can feel the reaction force as the slave manipulator interacts with environment, and less force is required to operate the master manipulator. Impedance control in master manipulator inherits these factors and is represented mathematically as
where J d , B d , and K d are parameters in the impedance control that describe inertia, damping, and stiffness, respectively. To scale the reaction force, k f = 1 is used, where k f defines the force ratio transmitted by master to slave manipulator. The control input for master manipulator is calculated using observed states, i.e., Eqs. (39) and (41), as
where u m ,θ m , andθ m are the control input, estimated speed profile, and estimated position profile for the master device, andτ h is the estimated torque for the operator.
C. SLAVE CONTROLLER
The master manipulator gives commands to slave manipulator for tracking. The controller for slave manipulator is based on TSMCSPO scheme. The estimated perturbation through the TSMCSPO scheme is nothing but the commutation of disturbances, uncertainties, and nonlinearities. The attractiveness of TSMCSPO lies in its assurances to overcome the challenging situations of nonlinearities, uncertainty in parameter values, and disturbances in the design system. The estimated sliding function is derived aŝ
whereê j =x 1j − x 1dj defines the tracking error of the masterslave device and β j1 > 0 is constant. The new control for slave deviceū s is chosen to fulfil the criterionṡŝ < 0. The dynamical equation forṡ is defined aṡ
Thus, the control input for slave device can be determined by the expression
D. ESTIMATION OF REACTION FORCE USING SLIDING PERTURBATION OBSERVER (SPO)
Perturbation is estimated through SPO and based upon the purpose of the reaction-force. The estimation of perturbation covers the external disturbance's existence and the nonlinearities defining dynamical error, gravitation force, and viscous friction. The perturbation is estimated through Eqs. (2) and (3) to define the dynamical representation of the 3-DOF manipulator. This helps in calculating the reaction force. Similarly, estimation of perturbation of the second link and end effector is represented as follows:
The calculation of reaction force by estimation of perturbation can be determined through Eqs. (49) and (50) iŝ
whereτ e1 ,τ e2 represents the estimated reaction torques during the connection of joint-1 or joint-2 with the environment, respectively, and represents uncertainty in parameter. It is worth noting that the uncertainties could be considered null if the values of parameters are estimated well, i.e., there is less error.
V. EXPERIMENTAL ENVIRONMENT
The experimental setup in this study was a 3-DOF hydraulic manipulator. In this experimental setup, the slave is a single double-rod hydraulic cylinder, as shown in Figure 4 , and the master device is also shown in Figure 4 . The master device has three links which are end-effector, second link, and base. The single double-rod hydraulic cylinder has 20 cm stroke with translation movement. For the dimension of master device and slave to be same, the end effector's displacement of the master device is according to the displacement of slave. The master device is a Maxon DC Motor (357113) of Maxon Motor and the Maxon servo driver (EESC ON 50/5 409515). The servo valve of hydraulic servo system is D6633-308B and cylinders are KP 140H-B-CA40-N165 (hydraulic cylinder 1) and KP 140H-B-CA40-N150 (hydraulic cylinder 2). The slave device consists of end effector that corresponds to hydraulic cylinder 1, second link corresponds to hydraulic cylinder 2, and the base relates to the motor. Several studies in the past have deliberated the identification structures and control design for hydraulic manipulators [31] , [32] . Such systems include an AC servo motor and two hydraulic cylinders. Generally, the signal-compressed method is applied to develop the dynamical equations for the mentioned systems. These approaches deliver an equivalent impulse signal and utilize the corresponding derived function to derive the dynamical estimation [33] . The dynamical model is presented asẍ
where J i and D i represent the inertia and damping, respectively. The values of the dynamics are presented in Table 1 .
The control input of TSMCSPO can be calculated accordingly.
(54) Figure 4 shows a photograph of the experimental setup. It includes the master-slave system and corresponding control system.
The master and slave manipulator both have three links. The reaction forces are produced at the end effector and second link. The reaction forces are calculated/estimated through TSMCSPO. The operator produces commands for the master manipulator, which are tracked by the slave manipulator, and the operator can visually observe this using a personal computer at the master manipulator. The design of TSMC control the position of the slave manipulator per the master manipulator's movement. Figure 5 shows the GUI for visual feedback.
VI. SIMULATION RESULTS
An important step during simulation step is to consider a specific desired trajectory that covers all scenarios in comparison with actual environment. The possible factors include the exponential rise, sinusoidal behavior, decay, and steady-state. The desired trajectory considered for this study include all those factors and is shown in Figure 6 . Initially the trajectory is considered to be zero for first 3 s followed by a ramp/rise up to 39.7 • during time span of 3-9 s. Later, from 9 to 12 s, a constant trajectory is supposed again. A parabolic path is VOLUME 7, 2019 added to the range of 12-16, followed by a small constant path of 1 s. Further, a sinusoidal path with increasing behavior is added until the trajectory reaches 59.8 • . Finally, a constant part is again added for 25-32 s, followed by drop in angle to zero on 36 s, which continues up to 50 s. The external force is represented as
where h. > 0 is a constant. The parameters used in this simulation are shown in Table 2 .
The simulation results regarding TSMCSPO and the existing SMCSPO are presented in Figure 7 . The profiles shown in Figure 7 are desired trajectory (blue line), TSMCSPO results (pink line), and SMCSPO results (red line). A comparative result showing error-profiles during TSMCSPO (blue-line) and SMCSPO (red-line) are presented in Figure 8 . A close look on Figure 8 depicts that minimum band for error in both TSMCSPO and SMCSPO is zero, i.e., for first 3 s, whereas the error is maximum with values of 0.11 • and 0.62 • at approximately 36 s for TSMCSPO and SMCSPO respectively.
It is evident that mismatch/error related to TSMCSPO is significantly smaller as compared with SMCSPO. In addition, TSMCSPO has advantage of convergence and smaller error range.
VII. EXPERIMENTAL RESULTS
The numeric values of parameters during experimental work for TSMCSPO are displayed in Table 3 . These values were obtained from Eq. (39).
Numerous experiments with different scenarios were performed with TSMCSPO to verify the approach. The experiment includes (a) Position tracking and bilateral-control of end-effector (b) the measurement of estimated perturbation at end-effectors of both master and slave device (c) bilateral control of second-link (d) the measurement of estimated perturbation at second-link of both master and slave device (e) bilateral control of base (f) the measurement of estimated perturbation upon base of slave device (g) finally bilateral control of base, end-effector and second-link simultaneously. These experiments were executed in a real system where operator give movement to master manipulator and slave manipulator moves according to trajectory evaluated by TSMCSPO. In the master-slave trajectories result the red line shows the position of master manipulator while slave manipulator is shown in blue-line of end effector, second link and base. Figure 9 shows the position profiles of master and slave manipulator. It is obvious from the Figure 9 that slave manipulator follows the command of master trajectory with minimum discrepancy. It is also observed that trajectory of both end-effector attains maximum value of 61.5 • at 37 s. It is worth mentioning that the space allows the end effector to move between 0 and 90 • . Figure 10 displays the relative error of end-effector's trajectories of master and slave manipulator. It is perceived that The estimated perturbation for master and slave's endeffector is shown in Figures 11 and 12 , respectively. The supreme values of estimated perturbation for master system is 155.5 N·m at 5.5 s while for slave system it is 925.892 N·m at 5.5 s.
It is noticeable from Figure 11 that the estimated perturbation of the slave manipulator greater than that of the master manipulator. The higher value of slave manipulator is because of hydraulic manipulator. The hydraulic manipulator (slave) dynamical value is 303.26, which is greater than the master manipulator value of 1.35135. The profile for both estimated perturbations is identical but with where a i is the ith perturbation value. Figure 13 shows the outcomes for mathematically estimated perturbation for endeffector of both master and slave manipulator. The red line shows the profile of the master manipulator, while the blue line shows the profile of the slave manipulator. It is noticeable from Figure 14 that slave manipulator follows the command of master manipulator of second link efficiently by using TSMCSPO. The space allows the second link to move between 0 and 90 • . The supreme value of profile is 59.5 • at 36 s. Figure 15 displays the mismatch profile in trajectories of second link. The supreme value of mismatch in corresponding trajectories is 0.477 • at 21.5 s. Figures 16 and 17 display the estimated master and slave perturbation for the second link, respectively. It is perceived that supreme value of perturbation is 170.5 N·m at 6 s for master's second link and 1014.95 N·m at 6 s for the slave's second link. One significant point is that the estimated perturbation profile is similar for both the master and slave manipulators, but in contrasting direction.
In Figure 18 normalized estimated profile of master is shown in red-line while slave manipulator is shown in blueline.
It is noticeable from Figure 19 that slave manipulator follows the command of master manipulator of base efficiently by using TSMCSPO. A perfect following of slave displays the efficiency of suggested structure. The space permit base to move between 0 and 360 • . The supreme value of trajectoryprofile is 90 • at 17.5 s.
A discrepancy in following of base is shown in Figure 20 . The supreme discrepancy is perceived at 12 s with its value 0.532 • . The estimated perturbation profile corresponding to base of slave is shown in Figure 21 and its supreme value is observed to 132.6 N·m at 39.5 s.
The experimental results showing trajectories of secondlink, end effector and base is presented in Figure 22 by implementing TSMCSPO. The end-effector trajectory for master device is shown in blue line and that of slave manipulator is presented in red line; similarly, the second link's trajectory for master and slave manipulator is shown in red and blue dashed line, respectively. The trajectory of the base for master and slave device is shown in blue-dotted line and red-dotted line, respectively. Figure 22 is evident of fact that none of base, end-effector and second link shown any trajectory/movement for first 4 s followed by movement of base from 4 to 15 s. Later, second link and base moved together for 12 s, i.e., the time span from 15 to 27 s. Then, the end-effector moved for the next 9 s, i.e., 27-36 s, followed by 4 s of movement by the second link. Later, there is 13 s of movement of the base, followed by 9 s of movement of the second link, i.e., 58-67 s. Finally, end-effector moved for 9 s, i.e., 70-79 s. The results shown that slave manipulator tracked master's trajectory with negligible error. It is also important to mention that endeffector, base, and second link attain maximum trajectory values of 88 • , 58 • , and 37 • , respectively.
VIII. CONCLUSION
This research explained a procedure to estimate reaction force for end effector, second link and base of 3-DOF master and hydraulic slave manipulator system. The beneficial aspect of purposed procedure is that it does not utilizes any force sensor. In general, TSMCSPO is executed in which TSMC based bilateral control generated position for slave manipulator with margin error of following. Furthermore, the bilateral control policy also estimates the reaction force to be used by the operator to control the master manipulator.
Experimental results conferred in this research supports the fact that slave manipulator fruitfully followed master manipulator with imperceptible error. It is also perceived through results that operator feels reaction force as slave manipulator touches/interacts with environment without any force sensor's feedback. The range of error in estimation is presented in Table 4 . The applicable area of this study is dismantling of NPP but not restricted to it as numerous other applications require master-slave system where human access is inadequate. These applications include hazardous area with radiation from material with long half-lives. The examples are uranium transportation in active form, the disposal of explosive material or handling of explosive/radioactive material and remote cutting of nuclear plant dismantling etc.
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